Abstract-This paper presents a novel wideband to narrow band reconfigurable log periodic aperture coupled patch array. The wide to narrow band reconfiguration is realized by closing a selected group of slot apertures, to deactivate the corresponding group of patches. The patches are fed with a modulated meander line through aperture slots. A wideband mode from 7-10 GHz and three selected narrow band modes at 7.1, 8.2 and 9.4 GHz are demonstrated. Potentially, the number of sub bands can be increased or decreased as can the bandwidth of the sub bands by selecting a specific number of active elements. To verify and demonstrate the proposed design method, a prototype has been developed with ideal switches. Very good agreements between the measured and simulated results are presented.
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INTRODUCTION
The increasing need for multiband radio front ends has led to research on frequency reconfigurable antennas [1] [2] [3] [4] . Wide to narrow band reconfigurable antennas have received attention [5] [6] [7] , as they offer multi-functionality and are potentially important for future cognitive radio systems which employs wideband sensing and reconfigurable narrowband communications. Ideally, the system needs narrow band communication that can be reconfigured to any specific desired band. However, most reported wide to narrow band antennas have a limited number of switched narrow band operation and fixed in bandwidth. To overcome this, we propose a novel wideband log periodic patch array with a capability to switch into a desired narrow band mode.
Log periodic antennas have multiple elements, which resonate in a log periodic fashion. Using this property, a frequency reconfigurable log periodic antenna is proposed. Recently, work on reconfigurable log periodic antennas has been reported. In the log periodic dipole array described in [5] , ideal switches are used to control each pairs of dipole arm of the antenna. This can switch from a wideband of 1-3 GHz, to several narrow bands. Similar work on this has also been reported in [8] [9] [10] . In contrast to wide to narrowband reconfiguration, work in [11] [12] [13] [14] demonstrates band notch method for log periodic antennas. In this paper a novel log periodic antenna with the potential for switched band functionality to operate in a wideband or narrowband mode is presented. The antenna is an aperture coupled patch array with meandered feed. The feed has modulation to prevent a structural stop bands similar to that used in log periodic monopole array [15] . The antenna reconfiguration is realized by inserting switches into the slot aperture of the structure. In the array demonstrated here the switches are formed by metal sections, of the same size as a switch, bridging the slot aperture. A wide bandwidth mode is demonstrated from 7.0-10 GHz and three narrowband modes at 7.1, 8.2 and 9.4 GHz can be formed. A prototype has been manufactured. Measured results show good performance of the proposed designs. The proposed antenna is designed to operate from 7-10 GHz. A wider bandwidth can be obtained using more elements. Potentially, the number of sub bands can be increased or decreased, as can the bandwidth of the sub bands by selecting a specific number of active elements. Details of the proposed design are described. Section 2 discusses the advantages in choosing an aperture coupled log periodic patch array as a candidate for reconfiguration. Sections 3 and 4 discuss the problem of the structural stop band and the procedure for eliminating it. The fabricated antenna is discussed in Section 5. Finally the results are presented in Sections 6 (simulations) and 7 (measurements) and follow by conclusions in Section 8. Some preliminary results of this work were presented in [16] .
MOTIVATION
The criteria defining the best reconfigurable design, such as the number of switches used to reconfigure the structure and the design simplicity, are investigated here. For that purpose, the structure of the log periodic printed dipole array Fig. 1(a) [5] , an electromagnetic coupled patch array Fig. 1(b) [17] and an aperture coupled patch array Fig. 2 [16] are compared. Potentially, the aperture coupled log periodic patch array (LPA) is a good candidate. The configuration, allows each radiating element to be controlled using one switch, thus, offering fewer switches compared to the dipole array [5] . This thus reduces the problems of biasing many switches. Furthermore, biasing for the switches can be located within the ground plane and therefore coupling to radiation will be limited. Application of dc bias is believed to be hard in a log periodic printed dipole array and has not been demonstrated yet. On the other hand, an electromagnetic coupled structure such as reported by [17] will be very hard to switch because there is no specific coupling mediator between the patch and the feed line, unlike the aperture slot as proposed here.
STRUCTURAL STOP BAND IN APERTURE COUPLED ARRAYS
To achieve a broadside direction, the feeding phase of an array should be set to 0 • or 360 • . However, in a series fed array, this gives rise to high input VSWR. To reduce VSWR, the feeding phase is set to be less or more than 360 • , which then produces a beam angle in a forward or back fire direction. In this array, the condition for forward fire at θ = 0 • can be met when the phasing between elements, β, is 270 • . The distance between array elements in free space, σ is set to 0.25λ. This is obtained from equation [18] , β = −kσ cos θ with k = 2π/λ and θ is defined as in Fig. 5(a) . Figure 2 shows the configuration of the log periodic aperture coupled patch array. The excess length, d, between adjacent elements is determined by β. For β = 270
is greater then half a wavelength, attenuation below the resonant frequency will occur [19] , due to a structural stop band, which will cause high VSWR at the input. To understand the structural stop band completely the 
ELIMINATING STRUCTURAL STOP BAND
A cascade of single cells forming a log periodic structure, loaded by shunt loads, with an expansion factor, τ , is shown in Fig. 3 . If each cell has at least one structural stop band, a limited bandwidth of < 2 : 1 array will result. To overcome this, the variation of image impedance must be minimized. The image impedance of a short section of line is defined as the terminating impedance on the output port which leads to an input impedance that has the same value. A method suggested in [19] for minimizing the variation of image impedance is applied here. It is achieved when the impedance of the line is modulated as shown in the left side of Fig. 3 . The line is modulated by changing the characteristic impedance of a small part of the line, where the modulated part has a width, w f 1 and a length d 1 . The excess length,
By way of example, a two port representing a single element of the structure, resonating at 9.583 GHz, with d is 0.75λ g , is simulated to examine the image impedance and dispersion. The image impedance is given by [20] , as
where B and C are the parameters of the ABCD matrix for the cell. The attenuation is given by, ad = cosh −1 |γd| where γd = (a + jb)d is the propagation constant and a and b is attenuation and phase constant respectively. Fig. 4(a) shows the calculated image impedance, which is very different from 50 ohms between 6.65 and 7.84 GHz before modulation for a case where d 1 = 0 mm. This causes a stop band between those frequencies, as shown in Fig. 4(b) . The magnitude of the image impedance at this frequency is 31 Ω, Fig. 4(a) . To eliminate the stop band, the line width of the modulated part, w f 1 , Fig. 3 is set to 4.7 mm, to give an impedance of 31 Ω. d 1 is then optimised until the variation of the image impedance is minimised. In this example, d 1 is found to be 2.2 mm. The image impedance for d 1 = 2.2 mm is also shown in Fig. 4(a) . The variation of image impedance is now small and has a value of 44.3 Ω at the resonant frequency. The attenuation plot shows ad is very small, from 0 to 12 GHz. This method is applied for each element that produces a stop band within the operating frequency of 7-10 GHz.
RECONFIGURABLE LOG PERIODIC APERTURE COUPLED PATCH ARRAY DESIGN
In this section, the design of the log periodic array antenna is described. pattern. A single switch, denoted as 'x' (see Fig. 5(b) and Fig. 2) , is placed at the centre of each aperture. Rohacell foam, with a dielectric constant of 1.09 and thickness of 2 mm, is sandwiched between the patch and feed substrates. The patch configuration is arranged in the H-plane axis. The feed line is enclosed with a screening box size of h b × l b , which is important to reduce back radiation. The box size (h b is 4.18 mm and l b is 12.7 mm) is designed so that the cut off frequency is at 11.8 GHz which is above the top end operating band of 10 GHz. In the simulation, metal pads, of size 1 mm × 1 mm, have been used to approximate switching devices. The presence of the metal pad represents the switch ON state and absence represents the OFF state. This is believed acceptable to demonstrate the basic concept. For a twenty element LPPA, twenty switches are employed. Wideband operation is achieved when all the switches are in the OFF state thus making the antenna act as a normal log periodic antenna. To demonstrate narrow band operation, such as in a high band mode, four of the highest frequency slots were kept open. The rest of the slots Table 1 . Switches location.
No of Slot Wideband High band Mid band Low band
1 X X - - 2 X X - - 3 X X - - 4 X X - - 5 X - - - 6 X - - - 7 X - - - 8 X - X - 9 X - X - 10 X - X - 11 X - X - 12 X - X - 13 X - X - 14 X - - - 15 X - - - 16 X - - X 17 X - - X 18 X - - X 19 X - - X 20 X - - X x,
OFF states (open); -, ON states (closed)
were closed by bridging them with the switches. The other sub bands are achieved by bridging a group of slots of the antenna as shown in Table 1 . The design has been simulated using CST simulation software.
SIMULATION RESULTS
In this section, simulation results are first presented to demonstrate the concepts. The simulated wideband mode scattering parameter and the simulated efficiency is shown in Fig. 6(a) and Fig. 6(b) where efficiency is defined as 1 − |S 11 | 2 − |S 21 | 2 . The antenna operates over a frequency range of 7 to 10 GHz with efficiency ranging from 70 to 95%. Fig. 7 shows the effects on the radiation patterns. It is observed there is strong back radiation from the feed line when the box surrounding the feed line is absent. The back radiation is effectively reduced after the screening box is in place. Figure 8 shows the simulated efficiency of the reconfigurable array in the four frequency bands. It shows that some degree of frequency reconfiguration can be achieved, with wide, high, mid and low bands clearly seen, corresponding to the switched patch groups. There are, however, ripples in the various narrow bands which are very pronounced in the low frequency band. There are some features of the design that might account for this. There is a change in the impedance seen by the feed line when the switch is short circuited. This will reintroduce a structural stop band within the low band and this might be responsible for some of the ripples. Also, higher order modes in the patches are believed to give rise to patch excitation outside the desired band [21] . A slight drop in efficiency in the narrow band mode is expected because fewer patches are excited.
As noted above, when the slot is short circuited, there is a change in the impedance seen by the feed line. This is presumably because the inductive part of the feed line equivalent circuit and slot is reduced, changing the image impedance. To compensate for the change and to eliminate the stop band, the modulated line section has a slot across it, as shown in Fig. 9(a) , with a small pad connecting the left and the right part of the line at the centre. This configuration is believed to restore the equivalent inductance in the structure when the slot is short circuited. To simplify the design process, L m is set equal to the slot aperture width. By choosing the W m appropriately, the variation of image impedance can be minimised and the structural stop band eliminated. The improvement of low band mode efficiency can be seen in Fig. 8 . In addition, it was found necessary to modify the switch configuration to that shown in Fig. 9 Table 2 and discussed in the next section.
MEASUREMENT RESULT
The measured efficiency is presented in Fig. 10 . In the wideband mode, the antenna operates over a frequency range of 7 to 10 GHz with efficiency ranging from 80-95%. The figure also shows the measured efficiency of the reconfigurable LPA for each selected three frequency bands. In the low band mode, the measured efficiency at mid and high frequencies is higher than the simulated, suggesting that less out of band rejection is being achieved. Similarly, in the mid band mode the measured efficiency at higher frequencies is higher than in the simulation, again suggesting reduced rejection. This may be accounted for by improper shielding between h f substrate and the box. Leakage from the gap between the ground plane and the box was found to be a significant problem which was solved by improving the electrical connection between the two. Fig. 11(a) shows that a better rejection out of band in the mid band mode is achieved if the copper tape is soldered to the substrate and the box as shown in Fig. 11(b) .
The measured and simulated H-plane radiation patterns for the wideband mode excited at 7.1 GHz, 8.2 GHz and 9.4 GHz are shown in Fig. 12 . Good agreement and well behaved radiation patterns are obtained. The measured and simulated H-plane radiation patterns for the narrowband modes are presented in Fig. 13 . Good agreement and well behaved radiation patterns are also obtained. It is observed that the beam in the wideband mode is tilted more toward the forward fire direction as the frequency increases, which is presumably due to the increasing length of the active region at higher frequency. Finally, the gain of the wideband mode and narrowband mode are shown in Table 2 . The values are lower in the narrow band modes. This is due to the wides beamwidth as shown in Fig. 13 compared to Fig. 12 . This indicates that in the wideband mode the active region is bigger than in the narrowband case. The differences trend between simulated and measured gain values for wideband and narrowband cases are nearly similar suggest that the differences maybe due to small tolerances during measurement setup. An array with real switches such as pin diodes could be implemented by following the described design guideline. However the off and on state model of the diode and decoupling components should be included in all calculations. In the demonstration described here, these were not included. While using real switches, dc line and decoupling component must be included in the design. The bias circuit can be implemented in the ground plane which will help to reduce coupling to radiation. The biasing can be designed where each switch is controlled independently. Fig. 14 shows the proposed biasing. The ground plane can be DC isolated into few sections with for example 0.3 mm width slots. To preserve RF continuity, SMD capacitors (DC blocker) can be used to bridge the slots. Therefore the diodes can be forward biased appropriately with DC voltage. Figure 14 . Proposed biasing circuit.
CONCLUSIONS
A novel reconfigurable log periodic patch array has been proposed by inserting switches within the aperture slots coupling the patches to the feed line. A wideband mode and three narrow band modes of reconfiguration are demonstrated, when groups of patches were selected within the array. A design guideline has been derived to allow some optimizing of the low band performances. More sub-bands could be achieved with different patches group selection. Nevertheless, in the relatively simple example shown good efficiency has been obtained for each of the sub bands. The antenna is low profile and can be easily mounted to any structure such as in the body of an aircraft. Furthermore the bias circuit can be implemented easily in the ground plane which will help to reduce coupling to radiation. However there are some drawbacks. Ideally there should be only one single switch needed to switch off one element, but because of the reintroduction of the stop band in the low band mode, two extra switches are needed to improve the performance. Therefore additional loss resulting from switches is incurred. The need for a feed line screening box also makes the structure relatively complex. However the demands of future radio systems are so great, that any pre-filtering from the antenna may be welcomed by systems designers. Therefore, the proposed antenna could be a suitable solution for applications requiring wideband sensing and dynamic band switching, particularly in very wideband cognitive radio or in military applications.
